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Abstract: Using the density matrix theory of 
interaction between light and matter, and relevant 
parameters of the relaxation rates for a six-level 
model, we have shown theoretically the possibility of 
realizing Electromagnetically Induced Transparency 
(EIT) and Slow Light effects in 3Pr +  doped  
crystal . In addition, we have presented 
a simplified method to analyse EIT effect in such a 
six level atomic system. Finally, we have 
demonstrated results of numerical calculation and 
have compared them with experimental 
measurements reported recently. 
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1. Introduction 
Interference between alternative pathways in 
quantum mechanical process is a frequently studied 
effect in physics nowadays [1]. It has led to many 
interesting optical phenomena such as 
Electromagnetically Induced Transparency (EIT) [2-
3], Lasing Without Inversion (LWI) [4-5], the 
enhancement of refractive index (Slow Light) [6] 
and the quantum optical memories [12-15]. The 
effect named as EIT is an induced transparency in an 
originally absorbing medium, experienced by a weak 
probe field, due to the presence of a strong coupling 
field. Applications of EIT in the gaseous medium are 
limited because of atomic motion (diffusion). In the 
recent years, the EIT effect has been observed 
experimentally in crystal [7]; however, most solid 
materials have relatively broad optical line widths, 
which limit the efficiency of EIT. In the other hand; 
rare-earth-doped crystals have properties similar to 
atomic vapours, with the advantage of no atomic 
movement; therefore, these materials are used for 
ultrahigh density optical memories and process. For 
a type of such materials, [ P 3 dopedY  
], efficient, narrow line width EIT has 
been experimentally demonstrated; however, there is 
no clear theoretical explanation to this phenomenon. 
In this paper, we developed a theoretical theory and 
calculation using density matrices, to show how the 
EIT effect and Slow Light can be realized in P
52SiO
)(Pr :3 YSO+
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doped Y  crystal. 52SiO
 
2. Theory 
To study EIT within (Pr  crystal, we use 
semi-classical theory of interaction between light 
and matter [8]. Considering a six level model as 
shown in Figure 1, where 
)
ACP and ωωω ,  are 
frequencies of the weak probe field, strong coupling 
field and auxiliary field, respectively. The complex 
polarizability is defined as 
→
where 
susceptibility is given by χ . Susceptibility 
may be obtained as [8]  
0P =ε χ E
→
''= χ + iχ'
5 2 5 2
0 0
2 N µ ρ' ''χ + iχ =
ε E
 
where 52ρ  is the density matrix element connecting 
level  , 〉〉 2|and5| 52µ  is the dipole matrix element  
and N is the density of P 3r +  ions. Noting the 
relations    and where '∆n=n-1=0.5χ ''α=0.5kχ
n∆ is the refractive index coefficient and α  is 
absorption coefficient of the probe field; if the 
density matrix element 52ρ  is known, the refractive 
index and absorption coefficient will be obtained. To 
obtain 52ρ  , one should solve the time-dependent 
density matrix equation of motion [8]: [ ]intH ,ρdρ dt =mn i h                                            (1) 
Where  is the time-independent interaction 
Hamiltonian (Hamiltonian matrix) in a rotating 
intH
r +
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frame. For a system shown in Figure 1, we can write 
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where  are the complex Rabi 
frequencies of the field coupling atomic levels of 
A PΩ ,Ω and ΩC
〉−〉〉−〉〉−〉 3|5|and2|5|,1|6| respectively. 
Assuming the perfect triple-resonance condition, the 
evolution equations for the density matrix element 
can be written as: 
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-i /2Ω ρ -γ ρ
∂
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Where  is the decay rate of population 
between , 
)( L
mnΓ
〉〉 nm |and| mnγ  is the total decay rate 
for containing dephasing component that 
is given by: 
〉〉 nm |-|
 
2/)( )()( dphij
L
j
L
iij γγ +Γ+Γ=                         (12) 
 
Where  is the dephasing rate of the quantum 
coherence between |  levels. 
dph
ijγ
〉〉 ji |and
 
 
Fig. 1 Schematics of six level atoms 
 
 
3. Simplification 
As seen earlier, the dispersion and absorption are 
determined by 52ρ . To calculate 52ρ , we should 
solve the equations (3)-(11). However, as we know 
the complete solution of this equation is very 
difficult. Therefore, it is reasonable that we simplify 
these equations as more as possible. Because of long 
life time of levels |1>, |2>, |3> (several minutes) [9] 
and short Lifetimes of levels |4>, |5>, |6>  
( T ) [9]; it is reasonable that we assume 
all the electronic population must be gathered into 
the levels |1>, |2>, |3>. In addition, assuming 
coupling and auxiliary fields to be strong and probe 
field to be weak, we may conclude that all the 
electronic population is concentrated in the level |2>, 
so we have: 
µs1641 ≈
5 3 P 2 3 C 3 3
C 5 3 5 3 5 3
ρ = i / 2 Ω ρ - i / 2 Ω ρ
t
- i / 2 Ω ρ - γ ρ
∂
∂ ,122 ≈ρ                                                            (13) 
)6,5,4,3,1(,0 =≈ iiiρ                              (14) 
).2,(,0 ≠≈ jiijρ                                     (15) 
 
Substituting these equations into equation (3-12) 
leads to the result that our six level atomic system is 
 
2
equivalent to three level Λ  system as shown in 
Figure 2. Therefore, our evolution equations for the 
elements of the density matrix is greatly simplified. 
For a three-level  system, using slowly varying 
variable we have [8]: 
Λ
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Solving these equations, we obtain: 
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where Z is given by 
2
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Fig. 2 Six level atomic and its equivalent of three level 
atomic system. Λ
 
 
4. Simulation 
4.1  Calculation of 3252 γγ and  
If the experimentally measured lifetime of the 
level  is known, the relaxation rate Γ  
may be determined. At , the experimentally 
measured lifetimes of levels |1>, |2>, |3> of 
1T
〉i| iLi T/1) =(
Ko4.1
3Pr +  
ions in  crystal  are and the life 
time of level |5> is  approximately. In 
addition, from ref.[9], we have  and 
. Substituting these values in to the 
equation (12), we obtain    
and  . 
52SiOY sec400T1 ≈
µs164T1 ≈
kHz2γ dph32 ≈
kHz9γ dph52 ≈
(rad/sec)106.28γ 332 ×≈
(rad/sec)104.71γγ 45352 ×≈≈
 
4.2  Numerical  results  
Through numerical solution of Equations (17),(18) 
and using the parameters given in the pervious 
section and setting the experimental values 
[10] and [11], the 318107.4 −×= cmN 3352 10 −≈µ
"' χχ and  as a function of frequency detuning of 
probe field are obtained as shown in Figure 3 (In 
Figure 3 we have set 0=Ω C ).   
In the case of figure 4, we have se z ; 
it can be seen that a hole burning is created in 
the
t C 5.1=Ω MH
"χ profile. In this case, the width of the 
transparency window can be obtained approximately 
to be about 8 . Because of inhomogeneous 
broadening, this value is larger than experimentally 
measured values. In addition, because the 
MHz
3Pr +  
atoms which occupy site 2 in crystal structure [9], 
the width of transparency window is limited in 
experiment [7].  
 
4.3  Discussion on the results 
The group velocity of light is given by [13]: 
∆−= ddnn
c
g ωω )(v                                      (20) 
 
Using equation (20) and figure 4-b; the group 
velocity of light can be obtained to be less than 50 
m/s. This value is comparable with the values 
measured in experiment [7]. 
Considering a good agreement between the 
experimental results and the results obtained on our 
analysis, we may conclude that our simplification 
and analysis is consistent.  
 
 
5. Conclusion 
Using the density matrix theory of the interaction 
between light and matter, we have discussed the 
possibility to realize EIT in  with a six-
level model. We have shown that the results of EIT 
in the case of doped atoms into the crystal in the 
presence of an auxiliary field, is equivalent to the 
results for the case of three level atomic gas. We 
show numerically that also in the case of doped 
atoms into the crystal, when the coupling field is 
strong enough and in the presence of auxiliary field;  
the absorption of the probe field is reduced 
drastically. In addition, when we set , 
)(Pr :3 YSO+
MHzC 5.1=Ω
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Fig.3  a) absorption coefficient; b) refraction 
index (n) of the medium versus 
frequency detuning of the probe 
field , . )(∆ )0( =ΩC
 
a) 
 
b) 
 
Fig.4  a) absorption coefficient; b) refraction 
index (n) of the medium versus 
frequency detuning of the probe 
field ,  )(∆ )5.1( MHzC =Ω
 
 
the group velocity of the probe field is reduced to 
velocities less than 50 m/s; the refractive index also 
varies correspondingly. Considering that doped 
crystals (optical ionic crystals) have advantages to 
atomic vapour such as the characteristic of 
consistency and no atomic motion; EIT concept 
using doped atoms within the crystalline medium, 
can be widely used in optical storage, optical 
switching, phase conjugation, lasing without 
inversion etc. 
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